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Introduction {#sec001}
============

Cholangiocarcinoma (CCA) is an aggressive malignancy of the bile duct epithelia associated with local invasiveness and a high rate of metastases. It is the second most common primary hepatic tumor after hepatocellular carcinoma, which is considered to be a highly lethal cancer with a poor prognosis due to the difficulty in accurate early diagnosis \[[@ppat.1007818.ref001]\]. There are several established risk factors for CCA, including primary cholangitis, biliary cysts and hepatolithiasis \[[@ppat.1007818.ref002]\]. Another critical factor is infection with the liver flukes *Opisthorchis viverrini* and *Clonorchis sinensis*, resulting in the highest incidences of CCA being in Southeast Asian countries \[[@ppat.1007818.ref003]\].

The proposed mechanisms of liver fluke-associated cholangiocarcinogenesis include mechanical damage to bile duct epithelia resulting from the feeding activities of the worms, infection-related inflammation, and pathological effects from their excretory-secretory products (ESPs), consisting of a complex mixture of proteins and other metabolites) \[[@ppat.1007818.ref004]\]. These coordinated actions provoke epithelial desquamation, adenomatous hyperplasia, goblet cell metaplasia, periductal fibrosis, and granuloma formation, all contributing to the production of a conducive tumor microenvironment. Eventually, malignant cholangiocytes undergo uncontrolled proliferation that leads to the initiation and progression of CCA \[[@ppat.1007818.ref005]\].

Like other parasitic helminths, liver flukes release ESPs continuously during infection, in this case into bile ducts and surrounding liver tissues. These substances play pivotal roles in host--parasite interactions \[[@ppat.1007818.ref006]\]. Exposure of human CCA cells and normal biliary epithelial cells to liver fluke ESPs results in diverse pathophysiological responses, including proliferation and inflammation \[[@ppat.1007818.ref007], [@ppat.1007818.ref008]\]. Additionally, profiling of differential cancer-related microRNAs (miRNAs) expression has revealed that the miRNAs involved in cell proliferation and the prevention of tumor suppression are dysregulated in both CCA cells and normal cholangiocytes exposed to *C*. *sinensis* ESPs \[[@ppat.1007818.ref009]\]. These results suggest that there are ESP-responsive pathologic signal cascades that are common to both cancerous and non-cancerous bile duct epithelial cells.

Another aspect of carcinogenic transformation is the tissue microenvironment, consisting of the extracellular matrix (ECM) and surrounding cells and is a crucial factor in the regulation of cancer cell motility and malignancy \[[@ppat.1007818.ref010]\]. The diverse responses of tumor cells, cholangiocytes, and immune cells in the CCA microenvironment cooperatively affect cancer progression, including invasion, and/or metastasis \[[@ppat.1007818.ref011]\]. Chronic inflammation of the bile duct due to the presence of liver flukes is closely associated also with the development of CCA, because it causes biliary epithelial cells to produce various cytokines and growth factors including interleukin-6, -8 (IL-6, -8), transforming growth factor-β (TGF-β), tumor necrosis factor-α (TNF-α), platelet-derived growth factor and epithelial growth factor \[[@ppat.1007818.ref012]\]. Exposure to cytokines and growth factors induces their endogenous production by CCA cells through a crosstalk loop, enhancing malignant features such as invasion, metastasis, chemoresistance and epithelial-mesenchymal transition (EMT) \[[@ppat.1007818.ref013]\]. Cytokines driven by chronic inflammation contribute to the pathogenesis of CCA and should be collectively considered in studies on tumor microenvironment.

We have established a three-dimensional (3D) cell culture assay previously that contains a gradient of *C*. *sinensis* ESPs in the ECM and mimics the complex CCA microenvironment. In this previous study, CCA cells (HuCCT1) were morphologically altered to form aggregates in response to *C*. *sinensis* ESPs, and these CCA cells could only invade the type I collagen (COL1) hydrogel scaffold in response to ESP gradient treatment. This response was accompanied with an elevation of focal adhesion protein expression and the secretion of matrix metalloproteinase (MMP) isoforms \[[@ppat.1007818.ref014]\], suggesting that *C*. *sinensis* ESPs may promote CCA progression. Additionally, this study revealed the chemoattractant effect of *C*. *sinensis* ESP gradients for CCA cells and to expand this work, we explored the more complicated tumor microenvironment subjected to ESPs from *C*. *sinensis*. In the present study, we developed an *in vitro* clonorchiasis-associated tumor microenvironment model that consisted of the following factors: (1) a 3D culture system of normal cholangiocytes using a microfluidic device as 3D quiescent biliary ductal plates on ECM; (2) physiological co-culture of CCA cells with normal cholangiocytes coupled to the directional application of *C*. *sinensis* ESPs to reconstitute a 3D CCA microenvironment; and (3) visualization and assessment of the interactions between tumor cells and their microenvironments to assess how the malignant progression of CCA corresponds with carcinogenic liver fluke infestation ([Fig 1](#ppat.1007818.g001){ref-type="fig"}).

![Physiological features of the human bile duct infected with *C*. *sinensis* and experimental design for assessing invasion by CCA cells in a clonorchiasis-associated tumor microenvironment.\
(A) A common hepatic bile duct cancer (hilar cholangiocarcinoma) and *C*. *sinensis* infestation of a human liver (left). Formation of a tumor gland in the bile duct and chemical stimulation by ESPs (brown triangles) from *C*. *sinensis* (right). (B) The schematic figure (box with black border) is a COL1 hydrogel scaffold region for cell culture. Phase-contrast image showing green fluorescence protein-expressing HuCCT1 CCA cells in a complex tumor microenvironment (box with dotted line in A and B) consisting of H69 normal cholangiocyte and the directional application of ESPs.](ppat.1007818.g001){#ppat.1007818.g001}

Results {#sec002}
=======

Formation of *in vitro* 3D biliary ductal plate {#sec003}
-----------------------------------------------

To reconstitute the microenvironment of a normal bile duct on an ECM, H69 cells were cultured three dimensionally on a COL1 hydrogel within a microfluidic device. The cells formed an epithelial layer and sprouted 3-dimensionally into the hydrogel one day after seeding ([Fig 2A](#ppat.1007818.g002){ref-type="fig"}). The sprouts formed 3D tube-like structures resembling newly-developed small bile ducts ([Fig 2A and 2B](#ppat.1007818.g002){ref-type="fig"}). This morphological change can be referred to as cholangiogenesis, and hepatic neoductule formation from an existing biliary ductal plate \[[@ppat.1007818.ref015]\].

![Features of H69 cells in 3D culture and development of a quiescent 3D biliary ductal plate.\
(A) Cholangiogenesis by H69 cells in 3D culture. Red dotted lines indicate initial formation of a ductal plate and arrows indicate 3-dimensionally sprouting primitive ductal structures. (B) An orthogonal confocal microscopic image of a mature duct structure enveloped by H69 cells sprouted into the COL1 scaffold (asterisks) visualized from above (x-y axis) in the center image and the z (height axis) in the right and below. A z-stack image shows the 3D structure of neoductule formation by sprouts of H69 cells. (C) H69 cells sprouting in media of differing compositions; complete (Complete), FBS-free (FBS (-)) and FBS-free/EGF-depleted (FBS (-)/EGF (-)). (D) Quantification of H69 cell sprouting into COL1 hydrogel (area). (E) Expression of Ki-67 (green) in H69 cells in complete (above) and FBS-free/EGF-depleted (below) media. (F) Expression and localization of integrin α6 (green) in H69 cells on the COL1 hydrogel scaffold. Scale bars = 100 μm (A, B, C, E and F). DAPI and phalloidin staining highlight nucleus in blue and actin cytoskeleton in red, respectively (B, E and F). \**P* \< 0.05 and \*\**P* \< 0.01 versus complete medium. Student's *t*-test was used to analyze significance. Error bars = ± SEM.](ppat.1007818.g002){#ppat.1007818.g002}

The sprouting was suppressed in this study to form quiescent mature biliary ductal plates by varying the composition of the culture medium, namely complete, fetal bovine serum-free (FBS (-)), and FBS-free/epidermal growth factor-depleted (FBS (-)/EGF (-)). In complete culture medium, H69 cells dynamically sprouted and expanded into the COL1 hydrogel and the boundary between the biliary ductal plate and the COL1 hydrogel ([Fig 2C](#ppat.1007818.g002){ref-type="fig"}, Day 4) moved far from the initial cell seeding point ([Fig 2C](#ppat.1007818.g002){ref-type="fig"}, Day 1). In the absence of FBS and EGF, cholangiogenesis decreased dramatically ([Fig 2D](#ppat.1007818.g002){ref-type="fig"}). Additionally, the H69 cells in FBS-free/EGF-depleted medium were in G~0~ phase ([Fig 2E](#ppat.1007818.g002){ref-type="fig"}) and expressed a basolateral polarity marker (Integrin α6) along the region of the COL1 hydrogel scaffold that was in contact with the cell layer ([Fig 2F](#ppat.1007818.g002){ref-type="fig"}) \[[@ppat.1007818.ref016]\]. Therefore, we designated this cluster of H69 cells as representing a quiescent 3D biliary ductal plate.

The mechanical properties of the COL1 hydrogel were modulated by altering the initial pH or concentration to identify other factors that could suppress the H69 cell sprouting. When the pH of the COL1 solution prior to gelation was basic (pH 11), the resulting hydrogel was stiffer than one gelled at pH 7.4 and one produced with a high concentration (2.5 mg/mL) \[[@ppat.1007818.ref017]\]. H69 cells on stiffer COL1 hydrogel showed more numerous sprouts with larger surface areas ([Fig 3A and 3B](#ppat.1007818.g003){ref-type="fig"}).

![H69 cell sprouting into COL1 hydrogels with differing mechanical properties.\
(A) Sprouting of H69 cells under various ECM conditions; general control (2.0 mg/mL of COL1, pH 7.4), higher pH (2.0 mg/mL, pH 11), and higher concentration (2.5 mg/mL, pH 7.4). (B) Quantification of cell sprouting of H69 cells into COL1 hydrogels (area). Compared to the general control, there were no significant differences between groups. Scale bars = 100 μm (A). Student's *t*-test was used to analyze significance. Error bars = ± SEM.](ppat.1007818.g003){#ppat.1007818.g003}

Cholangiocarcinoma cell migration into 3D biliary ductal plates in the presence of ESPs {#sec004}
---------------------------------------------------------------------------------------

H69 cells cultured on normal COL1 hydrogels (2.0 mg/mL and pH 7.4) and in FBS (-)/EGF (-) medium formed a quiescent biliary ductal plate. To mimic *C*. *sinensis* infestation, ductal plates were treated with ESPs (4 μg/mL) by either application to the channel containing the H69 cells (direct application) or to the other channel of the microfluidic device (gradient application). After gradient application, ESPs diffused through the COL1 hydrogel and toward the basal side of the biliary duct plate, forming a complex concentration profile. Computational simulation results showed that after 24 hours ESP concentration reached 3 μg/mL at the apical side of the biliary ductal plate (2\~2.5 μg/mL at basal) upon direct application, and 1.5\~2 μg/mL at the basal side of the biliary ductal plate (1 μg/mL at apical) upon gradient application ([Fig 4A](#ppat.1007818.g004){ref-type="fig"}). Based on the observation that the H69 cells produced three stratified layers and each layer is 10 μm in thick, \~40% of the local ESP concentration difference was applied to a single HuCCT1 cell entered the biliary ductal plate under gradient application. The 3D biliary ductal plate was stably maintained and remained healthy after either type of ESP treatment and neither treatment induced cholangiogenesis ([Fig 4B and 4C](#ppat.1007818.g004){ref-type="fig"}).

![Behavioral changes in H69 cells in quiescent culture by the pathogenic effect of ESP treatment and the diffusion profile of ESPs in a COL1 hydrogel.\
(A) Our model predicts that ESP concentrations varied in the region of the biliary ductal plate (red dotted lines) between 1.5 μg/mL to 3.0 μg/mL and 1.7 μg/mL to 0.5 μg/mL after direct and gradient application respectively. Concentration profiles and heat-map images show the ESP concentration along the cell-seeded channel, COL1 hydrogel scaffold and opposite channel. (B) H69 cells sprouting induced by ESP treatment conditions; non-treated control (NC), direct treatment (Direct) and treatment with a gradient (Gradient). Dotted lines (red) and arrows (red) indicate the biliary ductal plate and H69 cell sprouting, respectively. (C) Quantification of the area of H69 cell sprouting into the COL1 hydrogel (area). There was no significant difference between the direct and gradient ESP applications and the NC. Scale bars = 100 μm (B). Student's *t*-test was used to analyze significance. Error bars = ± SEM.](ppat.1007818.g004){#ppat.1007818.g004}

HuCCT1 CCA cells labeled with GFP were seeded onto the apical side of the 3D quiescent biliary ductal plate formed by H69 cells under the culture condition as defined above. The HuCCT1 cells were then exposed to ESPs (direct or gradient) for 3 days. After the ESP treatment, the HuCCT1 cells actively invaded the biliary ductal plate and reached the COL1 hydrogel ([Fig 5A](#ppat.1007818.g005){ref-type="fig"}). After gradient ESP application, 1.71-fold and 1.85-fold more HuCCT1 cells invaded the biliary ductal plate compared to non-treated control, or those treated with direct application, respectively ([Fig 5B and 5D](#ppat.1007818.g005){ref-type="fig"}). Interestingly, the number of individualized HuCCT1 cells in the biliary duct layer and COL1 hydrogel were similar, both after gradient and direct treatment ([Fig 5C and 5D](#ppat.1007818.g005){ref-type="fig"}).

![Increased migration and invasion of CCA cells after ESP treatment of the biliary tumor microenvironment.\
(A) H69 and HuCCT1 cells shown as a bright field image with green fluorescence overlay. Initial positions of H69 (unstained) and HuCCT1 cells (green) after serial cell seeding (left, Day 1) and subsequent invasion of HuCCT1 cells through the H69 cell layer in the microfluidic device (right, Day 3). (B) Migration of HuCCT1 cells toward the COL1 hydrogel scaffold on day 3. (C) Single cell invasion by HuCCT1 cells (red circle) into the COL1 hydrogel scaffold on day 3. (D) Quantified migration of HuCCT1 cells (penetrated area of the COL1 ECM) and invasion by HuCCT1 cells (counted number of individually invading cells). Green fluorescence indicates HuCCT1-GFP (A, B and C). Scale bars = 100 μm (A, B and C). \#*P* = 0.058, \**P* \< 0.05 versus non-treated control. Student's *t*-test was used to analyze significance. Error bars = ± SEM.](ppat.1007818.g005){#ppat.1007818.g005}

Elevated levels of proinflammatory cytokine secretion by H69 cells and EMT in HuCCT1 cells after ESP treatment {#sec005}
--------------------------------------------------------------------------------------------------------------

It has been reported that elevated plasma levels of IL-6 and TGF-β1 are correlated with histophathological changes in the livers of *C*. *sinensis*-infected mice \[[@ppat.1007818.ref018], [@ppat.1007818.ref019]\]. Moreover, interaction of these cytokines appears to be assoiciated with an increased malignancy of CCA cells \[[@ppat.1007818.ref013]\]. These findings prompted us to examine whether IL-6 and TGF-β1 were involved in invasion and migration of HuCCT1 cells in our system. First, we measured IL-6 and TGF-β1 levels in the culture supernatants of ESP-treated H69 cells using ELISA, and found that secretion of both IL-6 and TGF-β1 was significantly elevated at 12 hours post-ESP treatment, compared to the non-treated control ([Fig 6A](#ppat.1007818.g006){ref-type="fig"}). Elevated secretion of IL-6 was maintained at 24 hours and increased further increased by 48 hours, while the TGF-β1 secretion level increased in a time-dependent manner.

![Expression of IL-6 and TGF-β1 in ESP-treated H69 and HuCCT cells.\
(A) H69 cells were treated with 800 ng/mL of ESPs for 0 (NC, non-treated control), 12, 24, and 48 hours, and the production of IL-6 or TGF-β1 in each culture supernatant was determined by ELISA. (B) HuCCT1cells were treated with 800 ng/mL of ESPs for 24 hours, and the medium was then replaced by culture supernatant from one of four groups of H69 siRNA transfectants exposed to ESPs for 48 hours. Cells were incubated further for 48 hours, and the production of IL-6 or TGF-β1 in each culture supernatant was determined by ELISA. The concentration of each cytokine was calculated from IL-6 and TGF-β1 standard curves. \**P* \< 0.05, \*\**P* \< 0.01 versus non-treated control. Student's *t*-test was used to analyze significance. Error bars = ±SEM.](ppat.1007818.g006){#ppat.1007818.g006}

To assess the crosstalk of IL-6 and TGF-β1 from H69 cells with co-cultured HuCCT1 cells, the induction of IL-6 and TGF-β1 in ESP-treated H69 cells was attenuated by means of small interfering (si) RNA transfection. The culture supernatants from each of four groups of 48 hour-ESP-treated H69 cells (transfected with siRNAs of scrambled oligonucleotide or with siRNAs for IL-6, TGF-β1 or both) were substituted for 24 hour-ESP-treated medium in HuCCT1 cell cultures. Then, these HuCCT1 cells were incubated further for 48 hours and their culture supernatants were analyzed using ELISA. The levels of both ESP-induced IL-6 and TGF-β1 secretion by HuCCT1 cells, as well as H69 cells, were significantly decreased in the respective siRNA transfectants, when compared with those of untransfected and scrambled siRNA-transfected.cells ([Fig 6B](#ppat.1007818.g006){ref-type="fig"}). Moreover, a greater reduction in the secretion of these cytokines was observed when using the supernatant from cells treated with siRNA for both IL-6 and TGF-β1 siRNA than when using ones from cells treated with either siRNA alone, suggesting that an IL-6/TGF-β1 autocrine/paracrine signaling network may be in effect between non-cancerous and cancerous co-cultured cells.

Next, we examined ESP-mediated changes in E- and N-cadherin expression in HuCCT1 and H69 cells, which are, respectively, epithelial and mesenchymal markers, that are regarded as functionally significant factors in cancer progression. Decreased amounts of immunoreactive E-cadherin were detected in HuCCT1 cells following 24 hours post-ESP treatment, and this decreased further at 48 hours. Increased expression of N-cadherin was obvious at 24 hours post-ESP treatment and maintained up to 48 hours ([Fig 7A](#ppat.1007818.g007){ref-type="fig"}). However, in H69 cells, the expression of E-cadherin was significantly elevated at 24 hours and increased further subsequently, while there was no substantial change in N-cadherin expression during the same period of ESP treatment ([Fig 7B](#ppat.1007818.g007){ref-type="fig"}). This suggests that ESPs may contribute to facilitating EMT-like changes only in HuCCT1 cells, leading to the promotion of migration/invasion.

![Expression of E- and N-cadherin in ESP-treated HuCCT1 and H69 cells.\
HuCCT1 (A) or H69 (B) cells were treated with 800 ng/mL of ESPs and harvested after 0--48 hours for immunoblot analysis of E- and N-cadherin expression. (C) The 24-hour ESP-treated medium of HuCCT1 cells was replaced by the culture supernatants from each four different H69 siRNA transfectants as described in the materials and methods section. After a 48-hour-incubation, total soluble proteins were immunoblotted using polyclonal antibodies against E- and N-cadherin. Protein bands were quantified densitometrically and normalized to the density of the GAPDH band. The ratio of E- or N-cadherin to GAPDH in each group is presented as its fold-change relative to the non-treated 0--hour control (NC). \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 with control. Student's *t*-test was used to analyze significance. Error bars = ± SEM.](ppat.1007818.g007){#ppat.1007818.g007}

Finally, we evaluated the involvement of IL-6 and TGF-β1 in the cadherin switching of HuCCT1 cells treated with culture supernatants from siRNA-treated cells described above. Silencing of IL-6 and TGF-β1 markedly attenuated the reduction of E-cadherin and the elevation of N-cadherin expression induced by ESPs. The levels of E- and N-cadherin expression in double silencing supernatant-treated HuCCT1 cells were almost the same as those of the non-treated control ([Fig 7C](#ppat.1007818.g007){ref-type="fig"}), indicating that the IL-6 and TGF-β1 expression induced by the ESPs contributed to EMT progression in HuCCT1 cells.

Discussion {#sec006}
==========

The microfluidic model of a CCA tumor microenvironment used in this study consisted of a quiescent 3D biliary ductal plate formed by H69 cells (cholangiocytes) on a COL1 ECM that has been stimulated by *C*. *sinensis* ESPs. HuCCT1 cells (CCA cells) responded to microenvironmental factors actively by proliferating, migrating and invading the 3D biliary ductal plate and passing into the neighboring ECM. HuCCT1 cells exhibited different cellular behaviors when co-cultured on the biliary duct layer, compared to when they were cultured on ECM alone, as described previously \[[@ppat.1007818.ref014]\].

As a CCA tumor microenvironment factor, characteristics of normal cholangiocytes were carefully investigated, and compared with previous reports \[[@ppat.1007818.ref020]\]. Ishida Y et al. reported ductular morphogenesis and functional polarization of human biliary epithelial cells when embedded three dimensionally in a COLI hydrogel \[[@ppat.1007818.ref021]\]. Tanimizu N et al. also reported the development of a 3D tubular-like structure during the differentiation of mouse liver progenitor cells \[[@ppat.1007818.ref016], [@ppat.1007818.ref022]\]. However, these traditional dish-based culture platforms only generated 3D tube-like structures whose apical-basal polarities differed from those observed *in vivo*, and which were unsuitable for co-culturing with CCA cells to monitor tumor malignancy changes upon invasion/migration in a tumor milieu.

In the microfluidic 3D culture platform described here, H69 cells formed a cholangiocyte layer and sprouted into the COL1 hydrogel. This mimicked an asymmetrical ductal structure at the parenchymal layer on the portal vein side and a primitive ductal structure during the early stage of biliary tubulogenesis during cholangiogenesis \[[@ppat.1007818.ref015]\]. H69 cholangiocytes lining small bile ducts are layer-forming biliary epithelial cells with a potential proliferative capacity, but under normal conditions are quiescent or in the G~0~ state of the cell cycle \[[@ppat.1007818.ref023]\]. The mechanical and biochemical properties of the ECM and culture medium within the microenvironment of the biliary epithelium were characterized and shown to be conducive to the formation of a stable 3D biliary ductal plate and primitive ductal structure, which are crucial steps in cholangiogenesis.

The reconstituted biliary ductal plate on the ECM formed a 3D CCA tumor microenvironment, which was then seeded with CCA tumor cells and treated with *C*. *sinensis* ESPs. Many publications have described the co-culture of tumor cells with stromal cells (mainly fibroblasts) and reported upregulated tumor cell malignancy, however, only a few of these studied CCA cells \[[@ppat.1007818.ref024]\]. One study co-cultured various CCA cells (HuCCT1 and MEC) with hepatic stellate cells as a CCA stroma and reported increased invasion and proliferation by CCA cells \[[@ppat.1007818.ref025]\]. To our knowledge, this is the first attempt to construct a co-culture system that facilitates the direct contact of normal and CCA tumor cells from a single type of tissue; both cells were cultured separately and the combined to produce the pathophysiological effect. Therefore our work describes an advanced method for orchestrating complex CCA microenvironments, especially in 3D.

The first components of the CCA microenvironment are growth factors, which are present in the culture medium and are candidates for promoting the proliferation, differentiation and migration of cholangiocytes. FBS should be preferentially excluded to arrest the cells in a quiescent state in order to assess the direct effects of *C*. *sinensis* ESPs on CCA malignancy. Although the precise effect of EGF on normal cholangiocytes remains to be elucidated, key roles of EGF in biliary duct development and cholangiocytes differentiation including cholangiogenesis and neoductule formation from an existing biliary ductal plate, have been reported \[[@ppat.1007818.ref016], [@ppat.1007818.ref026]\]. Additionally, signaling via EGF and its receptor (EGFR) facilitates the progression of hepato-cholangiocellular cancer \[[@ppat.1007818.ref027], [@ppat.1007818.ref028]\]. Thus, we excluded EGF from our 3D co-culture model system because the complex and diverse roles of EGF might mask direct ESP-dependent effects on the CCA microenvironment.

The second component in the microenvironment was the COL1 ECM. The mechanical properties of the COL1 hydrogel, such as fibril diameter and stiffness, can be altered by controlling the collagen concentrations or adjusting the pH in of the collagen solution prior to gel casting. High pH reduces the diameter of COL1 nanofibers after gelation and this increases the stiffness of the COL1 hydrogel dominantly; the linear modulus of a COL1 hydrogel produced from pH 11 and 2.0 mg/mL is 2.7-fold and 3.1-fold higher than those from pH 7.4 and 2.5 mg/mL and from pH 7.4 and 2.0 mg/mL, being approximately 53 kPa, 20 kPa and 17 kPa, respectively \[[@ppat.1007818.ref017]\]. It has been reported that hepatobiliary cells express diverse cellular behaviors with respect to proliferation, differentiation, adhesion, and migration under stiff ECM conditions, with close association in development, homeostasis and disease progression \[[@ppat.1007818.ref029], [@ppat.1007818.ref030]\]. The morphological changes in H69 cells on stiff COL1 probably reflect the highly-activated proliferation of cholangiocytes (ductular reaction) in liver fibrosis, and "atypical" proliferation of cholangiocytes commonly seen in patients with prolonged cholestatic liver diseases, such as primary sclerosing cholangitis or primary biliary cirrhosis \[[@ppat.1007818.ref031], [@ppat.1007818.ref032]\].

*C*. *sinensis* ESPs were the third component of the CCA microenvironment considered in this study, and ESP stimuli induced 3D morphological changes in biliary ductal plate. Some H69 cells in the 3D biliary ductal plate grown on a COL1 hydrogel interacted with it by sprouting; however, the majority maintained the layer structure during the entire experimental periods, independent of direct or gradient ESP application ([Fig 4B and 4C](#ppat.1007818.g004){ref-type="fig"}). While no obvious changes in N-cadherin expression in H69 cells were observed, the expression of E-cadherin in H69 cells was increased gradually in a time-dependent manner during the experiments ([Fig 7B](#ppat.1007818.g007){ref-type="fig"}), implying that the ESPs may cause H69 cells to exhibit more epithelial characteristics. However, we do not rule out the possibility that more intense stimulation, such as with a higher dose of ESPs and/or longer exposure times, could produce EMT-like effects in H69 cells.

We determined that ESPs are implicated in the acquisition of CCA malignant characteristics; increased invasion and migration. Single cell invasion by HuCCT1 cells was similarly increased by both direct and gradient ESP application, while migration increased significantly upon gradient application only. The concentration profile produced by computational simulation explained these differential effects on HuCCT1 cells; the average concentration of ESPs over the entire area of the 3D biliary ductal plate was estimated at over 1.5 μg/mL and the H69 cells forming the biliary ductal plate were exposed to high concentrations of ESPs (over 800 ng/mL), sufficient to induce significantly increased levels of IL-6 and TGF-β1 ([Fig 4A](#ppat.1007818.g004){ref-type="fig"}, red dotted line). In contrast, the concentration of ESPs over the channel where HuCCT1 cells were seeded was considerably higher after direct application versus gradient application; yet, the magnitude of the effect on both migration and invasion was smaller ([Fig 5](#ppat.1007818.g005){ref-type="fig"}). These results suggest multiple pathological effects of ESPs in the CCA microenvironment, such as the stimulation of normal tissues near the CCA and the chemoattraction of CCA cells.

It has been reported previously that *C*. *sinensis* ESP-triggered CCA cell migration/invasion is mediated by ERK1/2-NF-κB-MMP-9 and integrin β4-FAK/Src pathways, suggesting that ESPs may function as detrimental modulators of the aggressive progression of liver fluke-associated CCA \[[@ppat.1007818.ref033], [@ppat.1007818.ref034]\]. In the present study, the morphological features of HuCCT1 cells exposed to ESPs in 3D co-culture with H69 cells differed from those of HuCCT1 cells cultured alone. Co-cultured HuCCT1 cells exhibited increased motility, as represented by single cell invasion, while HuCCT1 cells exhibited aggregation in the 3D culture \[[@ppat.1007818.ref014]\]. This implies that the interaction between HuCCT1 and H69 cells contributes to a change in HuCCT1 cell phenotype.

Cytokines generated by various types of cells within the tumor microenvironment play pro- or anti-tumorigenic roles, depending on the balance of different immune mediators and the stage of tumor development \[[@ppat.1007818.ref035]\]. During liver fluke infection, chronically-inflamed epithelia are under constant stimulation to participate in the inflammatory response by continuous secretion of chemokines and cytokines. This creates a vulnerable microenvironment that may promote malignant transformation and even cholagiocarcinogenesis.

IL-6 is considered a proinflammatory cytokine that has typically pro-tumorigenic effects during infection. Liver cell lines, including H69 cells, preferentially take up *O*. *viverrini* ESPs by endocytosis, resulting in proliferation and increased secretion of IL-6 \[[@ppat.1007818.ref007]\]. Elevated plasma concentrations of IL-6 are associated with a significant dose-dependent increase in the risk of opisthorchiasis-associated advanced periductal fibrosis and CCA \[[@ppat.1007818.ref036]\]. The TGF-β-mediated signaling pathway is involved in all stages of liver disease progression from initial inflammation-related liver injury to cirrhosis and hepatocellular carcinoma \[[@ppat.1007818.ref037]\]. A crude antigen from *C*. *sinensis* differentiates macrophage RAW cells into dendritic-like cells and upregulates ERK-dependent secretion of TGF-β, which modulates the host's immune responses \[[@ppat.1007818.ref038]\]. *C*. *sinensis* infection activates TGF-β1/Smad signaling promoting fibrosis in the livers of infected mice \[[@ppat.1007818.ref019]\]. Additionally, it has been reported that the E/N-cadherin switch via TGF-β-induced EMT is correlated with cancer progression of CCA cells and the survival of patients with extrahepatic CCA \[[@ppat.1007818.ref039], [@ppat.1007818.ref040]\]. Consistent with these studies, we observed that the decreased E-cadherin and increased N-cadherin expression in ESP-exposed HuCCT1 cells ([Fig 7A](#ppat.1007818.g007){ref-type="fig"}) was associated with increased secretion of IL-6 and TGF-β1 by H69 cells ([Fig 6A](#ppat.1007818.g006){ref-type="fig"}) as well as by HuCCT1 cells, as reported previously \[[@ppat.1007818.ref041]\]. The cytokine mediated-interaction between H69 and HuCCT1 cells was evaluated by means of siRNAs, which the levels of IL-6 and TGF-β1 secretion were suppressed in the culture supernatants of siRNA-IL-6 and -TGF-β1 H69 transfectants ([Fig 6B](#ppat.1007818.g006){ref-type="fig"}). The suppression of these cytokines was correlated with an impairment of the change in E-/N-cadherin expression in HuCCT1 cells triggered by the ESPs ([Fig 7C](#ppat.1007818.g007){ref-type="fig"}). This suggests that local accumulation of these cytokines, as the result of constitutive and dysregulated secretion of both cell types, promotes a more aggressive pathogenic process in the tumor milieu. Therefore, it is tempting to speculate that ESPs facilitate a positive feedback loop of elevated inflammatory cytokine secretion in both non-cancerous and cancerous cells, triggering an E/N-cadherin switch in HuCCT1 cells that subsequently increased invasion and/or migration mediated by the EMT. We will conduct future studies to explore this possibility.

In conclusion, HuCCT1 cells exhibited elevated single cell invasion after both direct and gradient ESP application, with increased migration occurring only after gradient treatment (ESPs applied to the basal side). These changes were caused by coordinated interactions between normal cholangiocytes, CCA cells and *C*. *sinensis* ESPs, which resulted in increased secretion of IL-6 and TGF-β1 and a cadherin switch in ESP-exposed cells. Therefore, the combined effects of these detrimental stimulations in both cancerous and non-cancerous bile duct epithelial cells during *C*. *sinensis* infection may facilitate a more aggressive phenotype of CCA cells, such as invasion/migration, resulting in more malignant characteristics of the CCA tumor. Our findings broaden our understanding of the molecular mechanism underlying the progression of CCA caused by liver fluke infection. These observations provide a new basis for the development of chemotherapeutic strategies to control liver fluke-associated CCA metastasis and thereby help to reduce its high mortality rate in the endemic areas.

Materials and methods {#sec007}
=====================

Culture medium and antibodies {#sec008}
-----------------------------

Cell culture medium components were purchased from Life Technologies (Grand Island, NY), unless otherwise indicated. Polyclonal antibodies against the following proteins were purchased from the indicated sources: Ki-67 and integrin α6 (Abcam, Cambridge, UK); E-cadherin (BD Biosciences, San Jose, CA); N-cadherin (Santa Cruz Biotechnology, Santa Cruz, CA); glyceraldehyde-3-phosphate dehydrogenase (GAPDH; AbFrontier Co., Seoul, Korea). Horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Jackson ImmunoResearch Laboratory (West Grove, PA). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Cell culture {#sec009}
------------

Human HuCCT1 cholangiocarcinoma cells (originally established by Miyagiwa et al. in 1989 \[[@ppat.1007818.ref042]\]) was maintained in RPMI 1640 medium supplemented with 1% (v/v) penicillin/streptomycin and 10% FBS. Human H69 cholangiocyte cells, which are SV40-transformed bile duct epithelial cells derived from non-cancerous human liver \[[@ppat.1007818.ref043]\], were kindly provided by Dr. Dae Ghon Kim of the Department of Internal Medicine, Chonbuk National University Medical School, Jeonju, Korea. H69 cells were grown in DMEM/F12(3:1) containing 10% FBS, 100 U/mL penicillin, 100 μg/ml streptomycin, 5 μg/ml of insulin, 5 μg/ml of transferrin, 2.0 ×10^−9^ M triiodothyronine, 1.8 × 10^−4^ M adenine, 5.5 × 10^−6^ M epinephrine, 1.1 × 10^−6^ M hydrocortisone, and 1.6 × 10^−6^ M EGF. Both cell types were cultured at 37°C in a humidified atmosphere containing 5% CO~2~.

Establishment of stably GFP expressing HuCCT1 cells {#sec010}
---------------------------------------------------

Clonal cell lines that stably expressed a green fluorescent protein (GFP) were generated by transfection of HuCCT1 cells. Briefly, HuCCT1 cells were grown to \~70% confluence and were transfected using Lipofectamine 2000 (Invitrogen, Calsbad, CA) and a pGFP-C1 vector (Clontech Laboratories, Inc., Palo Alto, CA) for 24 hours. To generate stable lines, the cells were cultured for 3 weeks in a complete medium containing 1 mg/ml G 418 disulfate salt (Sigma-Aldrich) that was changed every 2\~3 days. Colonies with uniform GFP fluorescence were screened and two clonal cell lines with approximately similar levels of GFP overexpression were chosen for further experiments.

Ethics statement {#sec011}
----------------

Adult *C*. *sinensis* specimens for the preparation of ESPs were obtained from infected, sacrificed New Zealand albino rabbits to collect adult worms. Animal care and experimental procedures were performed in strict accordance with the national guidelines outlined by the Korean Laboratory Animal Act (No. KCDC-122-14-2A) of the Korean Centers for Disease Control and Prevention (KCDC). The KCDC-Institutional Animal Care and Use Committee (KCDC-IACUC)/ethics committee reviewed and approved the ESPs preparation protocols (approval identification number; KCDC-003-11).

Preparation of ESPs {#sec012}
-------------------

The ESPs from *C*. *sinensis* adult worms were prepared as described previously \[[@ppat.1007818.ref041]\]. Briefly, adult worms were recovered from the bile ducts of male New Zealand albino rabbits (12 weeks old) orally infected with \~500 metacercariae 12 weeks earlier. Worms were washed several times with cold phosphate-buffered saline (PBS) to remove any host contaminants. Five fresh worms were cultured in 1 mL of prewarmed PBS containing a mixture of antibiotics and protease inhibitors (Sigma-Aldrich) for 3 hours at 37 °C in a 5% CO~2~ environment. Then the culture fluid was pooled, centrifuged, concentrated with a Centriprep YM-10 (Merck Millipore, Billerica, MA) membrane concentrator, and filtered through a sterile 0.2-μm syringe membrane. After measuring the ESP protein concentration, the aliquots were stored at −80°C until use.

Preparation of microfluidic device {#sec013}
----------------------------------

The microfluidic device was prepared as described previously \[[@ppat.1007818.ref014]\]. Briefly, the microfluidic devices were produced by curing polydimethylsiloxane (PDMS, Silgard 184, Dow Chemical, Midland, MI) overnight on a micro-structure-patterned wafer at 80°C. The device was punched to produce ports for the hydrogel and cell suspension injections. After sterilization, the device and s glass coverslip (24 × 24 mm; Paul Marienfeld, Germany) were permanently bonded to each other and the surfaces of microchannels in the device were coated with poly-D-lysine by treatment 1 mg/mL solution. The devices were stored under a sterile condition until use.

3D co-culture of H69 and HuCCT1 cells in a microfluidic device and ESPs treatment {#sec014}
---------------------------------------------------------------------------------

The gel region of microfluidic device was filled with an unpolymerized COL1 solution (2.0 mg/mL, pH 7.4) and then placed in a 37°C humidified chamber to polymerize the hydrogel. EGF-depleted H69 medium containing 1% FBS was injected into the medium channels to prevent shrinkage of the COL1 hydrogel, and the devices were stored at 37°C in a 5% CO~2~ incubator until cell seeding. H69 cells (5 × 10^5^ cells) suspended in conditional medium (FBS-free, EGF-depleted) were loaded into one medium port. After filling a medium channel by the cells in the suspension by hydrostatic flow, the device was positioned vertically for 2 hours at 37°C in a 5% CO~2~ incubator to allow the cells to attach to the COL1 hydrogel wall by gravity. One day after seeding with H69 cells, HuCCT1-GFP cells suspended in conditional medium at 10 × 10^5^ cells/mL were seeded into the cell channel in a manner identical to the H69 cells. ESPs were diluted in conditional medium to a concentration of 4 μg/mL and then added either to the cell channel (direct application) or to the medium channel (gradient application). The medium was replaced every day with fresh conditional medium supplemented with ESPs ([Fig 1B](#ppat.1007818.g001){ref-type="fig"}).

Immunofluorescence analysis {#sec015}
---------------------------

H69 cells cultured in a microfluidic device were washed twice with PBS and fixed with a 4% paraformaldehyde solution for 30 minutes. A 0.1% Triton X-100 solution was treated to permeabilize the cell membranes for 10 minutes. The cells were incubated with 1% bovine serum albumin and primary antibodies against Ki67 or Integrin α6 (1:1000 dilution), followed by Alexa Fluor 488 secondary antibody (1:1000 dilution; Invitrogen). After staining with 4\',6-Diamidino-2-Phenylindole (DAPI, 1:1000 dilution, Invitrogen), and rhodamine phalloidin (to stain F-actin, 1:200 dilution, Invitrogen), the cells were examined by a confocal laser-scanning microscope (LSM700; Carl Zeiss, Jena, Germany) and by fluorescent microscope (Axio Observer Z1; Carl Zeiss, Jena, Germany).

Transfection with siRNA {#sec016}
-----------------------

We used the siRNAs (Ambion Silencer Select) of IL-6, TGF- β1, and scrambled oligonucleotide as a negative control from Thermo Fisher Scientific (Waltham, MA). H69 or HuCCT1 cells were seeded on 24-well culture plate and transiently transfected with either each or both target-specific siRNAs using Lipofectamine RNAiMAX (Invitrogen) according with the manufacturer's protocols. Each siRNA transfection was performed in quadruplicate. After 24 hours, the transfection mixture on the cells was replaced with fresh culture medium. At 60 hour after transfection, H69 cells were depleted of FBS gradually, followed by incubation in conditional medium supplemented with 800 ng/mL ESPs for 48 hours. The culture supernatants from H69 cells were collected and clarified by brief centrifugation. Then, the 24 hour-ESP (800 ng/mL)-treated medium of HuCCT1 cells was replaced by these supernatants. The supernatants and cells were harvested after 48 hours and used for both ELISA and immunoblot analyses.

Immunoblot analysis {#sec017}
-------------------

HuCCT1 or H69 cells treated with 800 ng/mL ESPs, for the indicated times, were washed with ice-cold PBS and then lysed with a RIPA buffer containing a complete protease inhibitor cocktail (Sigma-Aldrich). Thirty μg of total soluble protein was separated by SDS-PAGE and electrophoretically transferred to a nitrocellulose membrane (Millipore, Bedford, MA). Membranes were probed with primary antibodies against E-cadherin (1:3000 dilution) or N-cadherin (1:1000). After incubation with host-specific secondary antibodies, the immunoreaction was detected with a West-Q-chemiluminescent substrate kit (GenDEPOT, Barker, TX) and quantitated by densitometric scanning of the X-ray film with a Fluor-S Multimager (Bio-rad, Hercules, CA). The blots were normalized for protein loading by washing in Blot-Fresh Western Blot Stripping Reagent (SignaGen Laboratories, Gaithersburg, MD) and re-probing with a polyclonal antibody against GAPDH (1:5000 dilution).

Cytokine assay {#sec018}
--------------

Immunoreactive TGF-β1 and IL-6 in non-treated and ESP-treated (800 ng/mL) culture supernatants of H69 cells were quantitated in duplicate using commercially available ELISA kits (Enzo Life Sciences Inc., Ann Arbor, MI), according to the manufacturer's instructions. The levels of each cytokine were determined by measuring absorbance at 450 nm and by comparing the absorbance values against a standard curve obtained using a four-parameter logistic curve fit.

Computational simulation of ESP transport {#sec019}
-----------------------------------------

COMSOL Multiphysics 5.0 (COMSOL, Sweden) software was used to simulate the concentration profile of ESPs. We assumed the molecular weight of ESPs to be 40 kDa, which is the molecular weight of cathepsin B, major component of ESPs \[[@ppat.1007818.ref044]\]. The diffusion coefficients of ESPs in various milieus were estimated 8×10^−11^ m^2^/s in to be cell growth medium, 5.8×10^−11^ m^2^/s in a collagen hydrogel and 1.57×10^−12^ m^2^/s in a cell layer, based on previous studies on the VEGF transport \[[@ppat.1007818.ref045]\], because the molecular weight of cathepsin B is similar to VEGF (42 kDa).

[^1]: The authors have declared that no competing interests exist.
